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PURPOSE AND MAIN OBJECTIVES OF THE THESIS
The term photocatalysis is often used to refer to processes carried out in the 
presence  of  photoactive  materials  and  aimed  toward  wastewater 
decontamination or water splitting for the generation of hydrogen as a fuel. 
However,  the idea that photocatalysis  can provide an alternative to more 
conventional synthetic pathways has been gradually emerging [1-13]. 
In its broadest sense, photocatalysis for synthetic purposes concerns 
the use of light to induce chemical transformations of organic or inorganic 
substrates  that  are  transparent  in  the  wavelength  range  employed.  The 
radiation is absorbed by a photocatalyst, whose electronically excited states 
are able to trigger the chemical reactions of interest. The overall process can 
be considered photocatalytic when i) the photoactive species is regenerated 
in its initial state at the end of a reaction cycle, just as happens in thermal 
catalysis;  ii)  the  photocatalyst  is  consumed  less  than  in  stoichiometric 
amounts, while light is a stoichiometric reagent. 
Selectivity is  a key issue in photocatalytic  processes aimed at  the 
production of functionalized intermediates of interest in fine chemistry. In 
order  to  pursue this  objective,  all  steps  of  the catalytic  process  must  be 
optimized.  The  high  selectivity  of  the  mild  photochemical  routes  are 
especially attractive for the manufacture of fine chemicals.
Heterogeneous  systems  represent  a  suitable  means  to  tailor 
efficiency and selectivity of photocatalytic processes through the control of 
the microscopic environment surrounding the photoactive centre, which is 
located on the catalyst surface or inside pores or in a thin liquid film at the 
surface.  In  particular,  type  and  textural  characteristics  of  the  employed 
material  may  affect  important  physical  and  chemical  properties  of  the 
photocatalytic system that act as rate determining steps: absorption of light, 
adsorption equilibria of reaction intermediates, control of the diffusion of 
reactants and products in or out of catalytic sites located inside of a porous 
network.  It is in this context that recent developments in the discovery of 
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new  synthetic  routes  for  the  preparation  of  materials  with  well-defined 
structures at the nanometric scale may afford better design of active sites for 
selective  catalytic  processes,  including  photocatalytic  processes  [14].  Of 
course, another main role of a solid support is to render the photocatalyst 
more easily handled and recyclable. 
In this doctoral thesis, the photochemical technique (near UV light) 
is  used  for  the  activation  of  inorganic  heterogeneous  catalytic  systems. 
These have been investigated in the partial oxidation of alcohols by using 
molecular oxygen, as largely available and clean reagent, and working at 
room temperature and atmospheric pressure  with a minimal environmental 
impact.  Particular  attention has been devoted to  the relationship  between 
morphology and photocatalytic behaviour in order to prepare materials with 
predictable properties able to provide the desired selectivity.
In  more  detail,  the  following  photocatalytic  systems  have  been 
prepared, characterized and investigated:
- (n-Bu4N)4W10O32 incorporated  in  a  silica  matrix  by  a  sol-gel 
procedure.  Two photocatalysts,  with  two different  loadings,  were 
prepared and their photocatalytic properties have been studied in the 
oxidation of primary and secondary aliphatic alcohols. Selectivity in 
the partial oxidation of primary alcohols to aldehydes is an important 
issue, since it is usually difficult in oxidative catalysis to stop the 
oxidation  at  the  carbonylic  product  without  the  formation  of 
carboxylic acid.
- Na4W10O32 entrapped in a silica matrix by a sol-gel procedure.  The 
primary  photoprocess  and  the  photocatalytic  properties  of  this 
heterogeneous  system  have  been  investigated  in  the  oxidation  of 
glycerol.  The  large  functionalization  of  this  alcohol  renders  its 
selective  oxidation  particularly  difficult.  As  a  consequence,  any 
improvement  in  selectivity  is  noticeable  if  one  considers  that  all 
oxygenated derivatives of glycerol are of practical value. Moreover, 
since glycerol is an important by-product in biodiesel production, the 
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development  of  processes  able  to  convert  it  into  higher  value 
products is an urgent need and a challenging opportunity.
- a derivative of iron(III) meso-tetrakis(2,6-dichlorophenyl) porphyrin 
covalently  linked  on  the  surface  of  MCM-41  and  of  amorphous 
silica. This photocatalytic system has been studied in the oxidation 
of 1,4-pentanediol and effects of the two supports, very different in 
morphology,  on  the  selectivity  of  the  photoprocess  have  been 
considered.
The classes of compounds under investigation (polyoxotungstates and iron-
porphyrin  complexes)  are  characterized  by  common  primary 
photoprocesses, as schematized in Figure 1: photochemical excitation leads 
to simultaneous reduction of the metal centre (tungsten or iron) and to the 
oxidation of an organic substrate. Then, the photocatalytic cycle is closed by 
oxygen  that  regenerates  the  metal  centre  in  its  starting  oxidation  state 
undergoing a reductive activation. 
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Figure 1. Photocatalytic cycle of polyoxotungstates and iron 
porphyrins.
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[nBu4N]4W10O32 incorporated  into  sol-gel  silica”,  A.  Molinari,  A. 
Bratovcic,  G. Magnacca,  A. Maldotti,  Dalton Transactions,  2010, 
39, 7826-7833 [15] .
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2. “Fe(III)-porphyrin heterogenized on MCM-41: matrix effects on the 
oxidation of 1,4-pentandiol”, A. Molinari, A. Maldotti, A. Bratovcic, 
G. Magnacca, Catalysis Today, 161, 2011, 64 [16] .
3. “Photocatalytic properties of sodium decatungstate supported on sol-
gel silica in the oxidation of glycerol”, A. Molinari, A. Maldotti, A. 
Bratovcic, G. Magnacca, Catalysis Today, 
      http://dx.doi.org/10.1016/j.cattod.2011.11.033 [17]
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1. POLYOXOTUNGSTATES
1. 1 GENERAL FEATURES, SYNTHESIS AND STRUCTURES
The term  polyoxometalate (POMs) is used to indicate an extremely large 
group of anionic clusters with frameworks built from transition metal and 
oxo anions linked together by shared oxide ions.  Generally,  two types of 
polyoxometalates  are  distinguished  on  the  basis  of  their  chemical 
composition:  isopolyanions  and  heteropolyanions.  The  formers  can  be 
represented by the general formula: [MmOy]p- and the latters by [XxMmOy]q-, 
(x   m). The heteroatom X can be one of the 65 elements belonging to all 
groups  of  the  Periodic  Table  except  the  rare  gases.  The  most  common 
transition metal atoms present in the clusters are molybdenum and tungsten 
in their highest oxidation states (d0, d1 configuration), while vanadium and 
niobium are less  frequent.  Polyoxomolybdates  and polyoxotungstates  are 
widespread among  POMs since  they  are  the  result  both  of  a  favourable 
combination of ionic radius and charge and of ability to form d-pM-O 
bonds.  There  are  also  mixed  polyoxometalates  with  general  formula 
[MmM’nOy]p- and [XxMmM’nOy]q-, where M and M’ are two different metals. 
The weights of POMs are in the range of 1000-10000 a.m.u.,  with sizes 
between 6 and 25 Å [18-21]. Considering the possible values of the ratio 
m/x, and the variety of M, M’, X atoms that may be employed, the number 
of polyoxometalates that can be obtained is considerably large [22].
Polyoxometalates  are  a  class  of  inorganic  compounds  studied  in 
detail  over the past decades because they offer interesting applications in 
catalysis. In particular, some groups of researchers are investigating POMs 
as catalysts in the oxidation of organic compounds [23-31]. It is noteworthy, 
that  the  enormous  versatility  of  polyoxometalates  offers  significant 
opportunities for clean synthesis of fine and specialty chemicals.  
The history of polyoxometalates dates back to 1826 when Berzelius 
[32] described the yellow precipitate of ammonium 12-molybdophosphate 
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that is produced when ammonium molybdate is added to phosphoric acid. 
Later,  in 1848, Svanberg and Struve [33] introduced this  compound into 
analytical chemistry for the determination of phosphorus. The structure of 
polyoxometalates remained a mystery for more than a century since their 
discovery.  Werner  [34],  Miolati  [35],  Rosenheim  [36]  and  Pauling  [37] 
proposed structures  based on an  arrangement  of  metal-oxygen  octahedra 
surrounding a central XO4 tetrahedron. In 1933 Keggin solved the structure 
of the most important 12:1 type heteropolyanion H3[PW12O40] x 5H2O by X-
ray diffraction study [38]. He showed that this structure contained 12 WO6 
octahedra  linked  by  shared  edges  and  corners,  with  the  heteroatom 
occupying a tetrahedral hole in centre. In 1948, Evans [39] determined the 
structure of [TeMo6O24]6-, that belongs to the 6:1 heteropolyanions series – 
previously only suggested by Anderson. In 1953, Dawson [40] reported the 
new new structure of a 18:2 heteropolyanion, [P2W18O62]6-.  This structure 
was shown to be closely related to the Keggin one. By the early 1970, the 
chemistry  of  polyoxometalates  greatly  expanded.  By  1995,  the  X-ray 
structures of approximately 180 polyoxometalates had been reported. The 
application of modern characterisation techniques  had led to much better 
understanding  of  the  structural  principles  of  polyoxometalates  and  their 
properties. 
The  polyoxomolybdates  and  polyoxotungstates  (POT)  can  be 
isolated both in aqueous solution or in organic solvent and are generally 
prepared  by  a  condensation  reaction  of  MoO42- and  WO42-  in  acidic 
solutions.  If condensation occurs in the presence of a heteroatom X (such as 
PV,  AsV,  SiIV,  FeIII,  etc.),  it  can  be  embedded  in  the  structure  of  the 
polyoxometalate to give the heteropoly anion, as shown in reaction (1) for 
the case of POTs:
O12HOPW23HHPO12WO 2
3
4012
2
4
2
4 
 (1)
In  many  cases,  equilibrium constants  and  rates  of  formation  are  largely 
enough  to  allow crystallization  of  POTs as  salts  from stoichiometrically 
acidified mixtures of the components even at room temperature. Sometimes, 
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it is necessary to use an excess of the heteroatom and to control temperature 
and pH of the solution. It may be also relevant the sequence of addition of 
reagents [41]. 
The structure of polyoxoanions can be described as an aggregation 
of metal-centred polyhedra MOn,  linked through vertices,  edges or,  more 
rarely, faces (sharing the oxygen atoms). 
                      
   a)               α              β
                                       b)
                   Figure 2. a)  α and β isomers of PW12O403-;  b) W10O324-.
The  ionic  radii  of  polyoxoanions  [42]  are  in  agreement  with  the 
hexacoordination, commonly observed for these elements. In many cases, 
however, the metal ion does not lie at the centre of the polyhedron of oxide 
ions, but it is shifted toward the outside of the structure, i.e. to a vertex or an 
edge of its polyhedron.
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Lipscomb noted that MO6 octahedra were not present in structures 
with more than two oxygen atoms in common [43], while, at the same time, 
two types  of  dispositions  of  the  metal  centre  M have been identified  in 
polyoxoanions:  type  I  that  has  always  a  terminal  oxygen  atom with  the 
metal occupying a site of symmetry approximate C4v and type II that has two 
terminal oxygen atoms. The MO6 octahedra of type I may contain metals 
with electronic configuration d0, d1, d2, while the octahedra of type II are 
limited to metals d0 [44].
Among  a  wide  variety  of  heteropoly  compounds,  the  Keggin’s 
(Figure 2a) are the most stable and more easily available. These, together 
with  some of  their  derivatives,  are  the  most  important  in  catalysis.  The 
Keggin  anion  has  a  diameter  of  ca.  12Å  and  is  composed  of  a  central 
tetrahedron XO4 surrounded by 12 edge- and corner-sharing metal-oxygen 
octahedra  MO6.  The  octahedra  are  arranged in  four  M3O13 groups.  Each 
group is formed by three octahedra sharing edges and having an oxygen 
atom in common which is also shared by the central tetrahedron XO4. 
The  structure  of  the  isopolytungstate  W10O324- also  known  as  "y 
tungstate” [45] has D4h symmetry [46, 47] and is shown in Figure 2b. The 
anion  is  constituted  of  two  units  W5O18 linked  together  by  four  oxygen 
atoms, each shared by two octahedra, forming an internal octahedral space 
that is empty. 
1. 2 REDOX PROPERTIES
The redox chemistry of polyoxometalates is characterized by their ability to 
accept  and subsequently release a  certain number  of electrons  in distinct 
stages. The reduction of POMs proceeds without substantial changes of their 
structure. In the reduced form they are coloured in blue, giving the so-called 
heteropolyblue,  whose UV-vis  absorption  spectrum is  characterized  by a 
broad absorption  band around 700 nm.  The formation  of  heteropolyblue 
species  was  observed  for  the  Keggin  structure  [XM12O40]3- and  other 
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compounds of type I,  such as: [X2M18O62]6- X = P, As and M = Mo, W; 
[M6O19]2-, M = Mo, W, [W10O32]4- [48, 49].
The reduction  is  often  followed by protonation,  which  makes  the 
corresponding potential dependent on pH. An increase in pH and in charge 
shifts  the  redox  potential  towards  more  negative  values  [50].  The 
molybdates are reduced more easily than the corresponding tungstates [51]. 
Anions with structures 2:18 are reduced to slightly more positive potentials 
and maintain the structure even after the addition of a number of electrons 
higher than the corresponding compounds 1:12.
The reduced compounds are more stable in basic solutions than non-
reduced  ones  [50,  52].  The  addition  of  electrons  over  a  certain  number 
results  in  a  distortion  of  the  structure,  and  an  increase  of  metal-metal 
character [53]. In mixed polyoxoanions, added electrons are localized on the 
more electronegative metal [54].
The POMs in their oxidized form are characterized by oxygen-metal 
charge  transfer  bands in  the visible  and near  ultraviolet  region (200-350 
nm). Generally,  molybdates absorb at longer wavelengths than tungstates. 
The reduced forms contain metal ions in different oxidation states and are 
included in  the category of  mixed-valence  compounds.  The reduction  of 
POM leads to a decrease of OMCT band and to the formation of the IVCT 
band in the visible and near IR region (WV – O - WVI/WVI – O - WV) [55,56].
1. 3 PHOTOCATALYTIC ACTIVITY OF POLYOXOTUNGSTATES
Polyoxotungstates,  can  be  considered  soluble  models  of  semiconductor 
metal oxide surfaces.  They have been intensively studied over the past 20 
years because they exhibit interesting properties as photocatalysts [7, 8, 28, 
57,  58]. Among  them,  the  decatungstate  anion  W10O324- is  the  most 
investigated, since its absorption spectrum partially overlaps the UV solar 
emission spectrum (with a λmax at 325 nm), opening the possibility to carry 
out  benign  solar-photoassisted  applications  [7-9,  59].  Some  of  the 
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photocatalyst  investigated in this doctorate thesis are based on the use of 
this polyoxotungstate. The cascade of events that follows light absorption by 
W10O324- has been deeply studied and is summarized in the following (Figure 
3) [29, 60-62]. 
W10O324-
h
W10O324- * wO
+ RH
HW10O324- + R
.+ O2
- ROOH
(a)
(b)
(c)
(d)
(O2-        W+6 CT)
Figure 3. Photocatalytic behaviour of W10O324-.
Excitation of W10O324- (> 300 nm) leads to an oxygen to metal [O2-- 
W6+] charge transfer excited state (W10O324-*, Figure 3 (a)), [8, 30, 63]. Then, 
W10O324-* decays in less than 30 ps to a very reactive non-emissive transient, 
indicated as wO (step (b)). This species has an oxyradical-like character due 
to the presence of an electron deficient oxygen centre and has a lifetime of 
65 ± 5 ns and a quantum yield of formation of 0.57 [29]. The wO species 
possesses  a  very  high  reactivity  towards  any  organic  substrate  RH: 
quenching  of  wO  may  occur  either  by  hydrogen-atom  abstraction  or 
electron transfer mechanism, depending on the chemical nature of RH. In 
any  case,  both  mechanisms  lead  to  the  one  electron  reduced  form  of 
decatungstate (HW10O324-) and to the substrate derived radical (R•) (step (c)). 
At this stage, O2 can regenerate the starting W10O324- with parallel formation 
of peroxy compounds (step (d)). 
1. 4 HETEROGENIZATION OF POLYOXOTUNGSTATES
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1. 4. 1 HETEROGENIZATION BY IMPREGNATION
The  first  attempts  to  prepare  heterogeneous  photocatalysts  through 
impregnation of  (n-Bu4N)4W10O32 and H3PW12O40  on amorphous silica go 
back to about ten years ago [59, 64-68]. Main features of these photoactive 
materials are that they are easily handled and recyclable photocatalysts and 
they can be employed in reaction media where they are insoluble.  It has 
been reported that  photoexcitation  of heterogenized  (n-Bu4N)4W10O32 and 
H3PW12O40 dispersed  in  neat  cyclohexane  leads  to  the  oxidation  of 
cycloalkane  to  cyclohexanol  and cyclohexanone [64].  The heterogeneous 
photocatalysts  can  be  recycled  without  leaching  and  any  loss  in 
photoactivity.  Moreover,  they  do  not  cause  any  mineralization  of 
cyclohexane to CO2, indicating that they are very promising photocatalysts 
for applied synthetic purposes. 
Further  research  developments  have  been devoted  to  improve the 
selective  conversion  yield  of  cyclohexane  to  cyclohexanone,  the 
intermediate of interest in the production of nylon 6 and nylon 66. It has 
been found that, depending on the nature of the cation, the heterogeneous 
photocatalysts show different and tunable photoreactivities (Table 1) [65]: 
n-Bu4N+ cations  enhance  the  efficiency  of  cyclohexane  photooxidation, 
likely  because  they  create  a  hydrophobic  environment  around  the 
photoactive species, favouring the approach and the subsequent oxidation of 
the cycloalkane. NH4+ and Na+ cations improve the chemoselectivity, since 
the  concentration  ratios  cyclohexanone/cyclohexanol  are  1.8  and  2.3 
respectively. Likely, cyclohexanol, remaining close to the polar surface of 
these materials, is easily oxidized to cyclohexanone. 
Table 1. Surface areas, polarity measurementsa and photocatalytic properties 
of (n-Bu4N)4W10O32/SiO2, (NH4)4W10O32 and of Na4W10O32.
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Material
Surface 
area 
(m2/g)
ETN a
Cyclohexanol + 
cyclohexanone 
(M) 
Cyclohexanone/
cyclohexanol
SiO2 95 ± 2 0.93 --------- -------
Na4W10O32/SiO2 83 ± 2 0.83 0.3 x 10-3 2.3
(NH4)4W10O32/SiO2 83 ± 2 0.80 0.6 x 10-3 1.8
(n-Bu4N)4W10O32/SiO2 54 ± 2 0.51 1.7 x 10-3 1.0
a polarity measurements were carried out following a reported procedure using Reichardt’s 
dye. ETN values ranges from 0 to 1 with surface polarity increase.
In 2002, Maldotti and co-workers reported on the immobilization of 
(n-Bu4N)4W10O32 on  the  mesoporous  silica  MCM-41 (mesopores  ranging 
from 20 to 100 Å and surface area of ~ 1000 m2/g) [66]. Thanks to the large 
surface area of MCM-41, decatungstate is well dispersed, providing a great 
number  of  photocatalytic  sites  that  leads  to  an  enhancement  of 
photochemical  efficiency.  Concerning  the  chemoselectivity  in  the 
photocatalytic  oxidation  of  cyclohexane,  the  maximum  value  of 
ketone/alcohol ratio is 2.6. Authors report that the polar surface of MCM-41 
favours  the  accumulation  of  formed  cyclohexanol  at  the  interfaces  and, 
consequently,  its  subsequent  oxidation  to  ketone  by  the  photoexcited 
decatungstate. 
The  photocatalytic  properties  of  (n-Bu4N)4W10O32 impregnated  on 
amorphous  silica  have  been  also  investigated  in  the  oxidation  of 
cycloalkenes, (cyclohexene and cyclooctene).  This study has been carried 
out  in  the  presence  of  FeIII[meso-tetrakis(2,6-dichlorophenyl)porphyrin] 
chloride  (Fe(TDCPP)Cl)  as  a  co-catalyst  [67].  Cycloalkenes  are  mainly 
oxidized  to  the  corresponding  hydroperoxides  by  the  photoexcited 
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decatungstate. The iron porphyrin reacts with the allylic hydroperoxides to 
give the corresponding alcohols as main products. 
Photooxidation of benzyl alcohols by W10O324- impregnated on silica 
and -alumina has been investigated by Orfanopoulos and co-workers [69]. 
These photocatalysts  have been studied in the oxidation of a series of p-
alkyl-substituted benzyl alcohols, 1-7 (Figure 4). These substrates bear two 
distinguishable benzylic hydrogen atoms, one on the alcohol carbon and one 
on the p-alkyl substituent, both of which potentially can be cleaved under 
photooxidation  conditions  to  give  aryl  ketones  1a-7a  or  deoxygenated 
products  1b-7b respectively.  A strong preference  for  the  hydrogen  atom 
abstraction  from  the  alcohol  carbon  is  observed:  selectivity  for  1a-7a 
compounds is, in most cases, higher than 80%. This can be ascribed to the 
surface polarity of the supports that probably favours accumulation of the 
polar alcohol moiety.
H OHH
R2 R3
R1 O
H
R2 R3
R1
H OHOOH
R2 R3
R1
+
catalyst
O2/CH3CN/h
1a - 7 a 1b - 7b1 - 7
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H H CH3
CH3 CH3H
CH3 CH3 CH3
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Figure  4.  Oxidation  of  p-alkyl-substituted  benzyl  alcohols  by  W10O324- 
impregnated on silica and -alumina. 
Shen and co-workers  report  that  H3PW12O40 impregnated  on MCM-41 is 
able  to  photooxidize  several  alcohols  to  the  corresponding  carbonylic 
derivatives  in  the  presence  of  O2  [70].  In  particular,  an  enhancement  in 
14
activity is observed if an ionic liquid is used as dispersing medium instead 
of CH3CN.  
Zeolite  Y (in the Na+ form) has been used as a solid  support for 
H2NaPW12O40,  H4SiW12O40 and  H3PMo12O40  [71].  The  photocatalytic 
activities  of  these  systems  have  been  investigated  choosing  1,2-
dichlorobenzene  as  oxidizable  probe.  The  constrained  environment  is 
responsible  of  a  rate  enhancement  of  the  reaction,  since  it  increases  the 
encounter  probability  between  photoexcited  polyoxometalate  and  1,2-
dichlorobenzene, suppressing back electron transfer reaction.
1. 4. 2 HETEROGENIZATION BY SOL-GEL PROCEDURE
Some years ago Hu et al.  set a new heterogenization procedure, where a 
POT, such as H3PW12O40,  H4SiW12O40,  (n-Bu4N)4W10O32 or  Na4W10O32,  is 
encapsulated  inside  a  silica  network  via  a  sol-gel  technique  [72,  73]: 
CH3CN/H2O  solution  of  the  chosen  POT,  adjusted  at  pH  2,  is  added 
dropwise  to  a  solution  of  tetraethyl  orthosilicate  (TEOS)  and  1-butanol. 
After some hours of stirring and kind warming, the hydrogel is dried and 
calcined to  fasten the formation  of silica network.  Structural  integrity  of 
W10O324- is preserved and protonated silanol groups act as counter-ions for 
the polyoxoanion. Following this procedure, Farhadi and Afshari entrapped 
(n-Bu4N)4W10O32 and  H3PW12O40 in  a  silica  matrix  and  used  these 
photocatalysts in the oxidation of benzylic alcohols in the presence of O2 
[74,  75].  They performed  a  screening  study choosing  a  variety  of  ring-
substituted primary and secondary benzylic alcohols. These substrates are 
efficiently  oxidized  to  the  corresponding  carbonylic  compounds,  without 
overoxidation of benzaldehydes to carboxylic acids. This result is in contrast 
to what reported by Orfanopoulos with decatungstate immobilized on silica 
by impregnation [69], so indicating that different preparation methods lead 
to  a  completely  dissimilar  morphology  of  the  photocatalyst  and, 
consequently, to a different photoreactivity. 
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Zirconia-supported  Na4W10O32 and  H3PW12O40  have been  prepared 
via sol-gel procedure by the Farhadi’s group [76, 77]. Na4W10O32/ZrO2 is 
more  active  than  the  homogeneous  Na4W10O32 in  the  photooxidation  of 
primary and secondary benzylic alcohols. This fact is tentatively attributed 
to a synergistic effect between the polyoxoanion and the support that is a 
semiconductor. Interestingly, in the H3PW12O40/ZrO2 system, the absorption 
band typical of H3PW12O40 at 270 nm is not present and a new broad band, 
shifted  to  the  visible  region,  is  observable.  Authors  attribute  the 
photocatalytic activity of the nanocomposite system to the existence of this 
broad  band.  Na4W10O32/ZrO2 has  been  also  employed  for  the  reductive 
cleavage  of  a  series  of  substituted  azobenzenes  into  their  corresponding 
amines using 2-propanol as hydrogen source under a N2 atmosphere [78]. 
Amines are obtained in high to excellent yields (76-94%) and with short 
reaction  times.  Efficiency  of  the  photocatalytic  process  is  influenced  by 
steric factor: substituents in ortho- or meta - positions to the N=N functional 
group  decrease  the  reaction  rate.  Interestingly,  no  other  reducible 
substituents, such as –NO2, are affected by the photocatalyst. 
Colloidal Cs3PW12O40, synthesized by metathesis of H3PW12O40 and 
CsCl  in  water,  has  been supported  on silica  via  sol-gel  procedure  using 
tetraethyl  ortosilicate  (TEOS)  [79].  The  obtained  material  is  extremely 
porous (pore size centred at 23 Å) and with a very large surface area. It is 
effective  in  the  photooxidation  of  aqueous  solutions  of  propan-2-ol  to 
acetone and it does not undergo to any leaching of polyoxometalate. A deep 
investigation on the factors influencing the efficiency of this heterogeneous 
photocatalyst,  such  as  events  that  follow  the  absorption  of  light  and 
substrate adsorption, has been published by the same authors in 2000 [80].
1. 4. 3 HETEROGENIZATION BY ION EXCHANGE
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As an alternative to the conventional  impregnation or sol-gel entrapment 
procedures, it has been reported that W10O324- can be supported on a silica 
matrix  previously  functionalized  with  different  ammonium  cations, 
covalently bound on the solid support [81]. The polyoxoanion is firmly held 
on  the  support  by  ionic  bond  with  tetraalkylammonium  cations  in  Si-
(alkyl)4NW, with trialkylammonium cations  in Si-(alkyl)3NHW and with 
monoalkylammonium cations in Si-alkylNH3W (Figure 5). 
O
O
Si
OR
R1
R2
R3
4
W10O32
R1, R2, R3 = H, H, H     Si-alkylNH3W
R1, R2, R3 = Et, Et, H   Si-(alkyl)3NHW
R1, R2, R3 = Et, Et, Et   Si-(alkyl)4NW
N
Figure 5. The polyoxoanion is held on the support by ionic bond with 
alkylammonium cations.
These materials have been employed as photocatalysts  for the O2-assisted 
oxidation of 1,3-butanediol and 1,4-pentanediol. For both the investigated 
diols, the only obtained products are the hydroxy-aldehyde and the hydroxy-
ketone. The ratio between aldehyde and ketone depends on the nature of the 
alkyl-ammonium cations; in particular, it increases markedly (from 0.06 to 
0.63 for 1,3-butanediol and from 3.0 to 7.5 for 1,4-pentanediol) as the alkyl 
chains are substituted by hydrogen atoms.  This substitution enhances  the 
polarity of the environment surrounding W10O324-, favouring the preferential 
adsorption  of  primary  OH  group  of  the  more  hydrophilic  head  of  diol 
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molecule  with  respect  to  the  secondary  OH  group  placed  in  the  more 
hydrophobic tail.  Concerning the stability,  these photocatalysts  are robust 
and reusable at least five times without leaching of polyoxotungstate anion. 
The  decatungstate  W10O324- has  been  immobilized  on  a 
hydrophobically organomodified mesoporous silica SBA-15 by the Cao’s 
group [82]. Introduction of an hydrophobic organic fragment onto the silica 
surface, which is intrinsically hydrophilic, produces a photocatalyst where 
the active sites are more easily accessible to hydrocarbon molecules. The 
organo-modified SBA-15 is prepared by initial insertion of alkyl groups of 
chosen length using Cn-Si(OEt)3 (n = 2, 4, 8, 16), followed by grafting of 3-
aminopropyl  groups.  The  resultant  material  is  acidified  and  then  ion 
exchange by decatungstate is carried out. The 3-ammoniumpropyl groups (-
(CH2)3NH3+) immobilize W10O324- on the pore walls, while the alkyl chains 
form hydrophobic regions around decatungstate. These novel photocatalysts 
have  been  investigated  in  the  oxidation  of  some  aryl  alkanes  to  the 
corresponding  phenones  by  O2.  Length  of  alkyl  chains  affects  the 
photocatalytic  efficiency,  with the octyl-grafted (n = 8) showing the best 
performance.  Interestingly,  this  photocatalyst  is  also  able  to  convert 
cyclohexane to  cyclohexanone with very high yield,  complete  selectivity 
and high stability.
A simple ion-exchange procedure allowed Fornal and Giannotti  to 
immobilize W10O324- on poly(4-vinylpyridine), cross-linked methyl chloride 
quaternary salt [83]. The ionic interaction is strong enough to prevent the 
release  of  the  polyoxoanion  into  the  solution.  This  material  has  been 
investigated in the photooxidation of cyclohexane in the presence of O2. 
Cyclohexyl  hydroperoxide  is  the  main  product  but  cyclohexanol  and 
cyclohexanone  are  also  formed.  The  selectivity  depends  on  the 
decatungstate  loading:  cyclohexanone  production  is  promoted  by  lower 
loadings,  whereas  cyclohexyl  hydroperoxide  formation  is  favoured  by 
higher loadings. 
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Amberlite  IRA-900  in  the  chloride  form  has  been  employed  as 
support  for  (n-Bu4N)4W10O32 by Maldotti’s  research  group [84].  The ion 
exchange of Cl- with W10O324- is favoured by the soft character of –N(CH3)3+ 
cations. This photocatalytic system promotes the conversion of olefins to the 
corresponding bromohydrins and dibromoalkanes in the presence of NaBr 
(Table  2).  By  simply  adjusting  the  pH  value,  bromohydrins  can  be 
quantitatively transformed into epoxides, which are important intermediates 
in  organic  synthesis.  Photoexcited  (n-Bu4N)4W10O32 causes  the  reductive 
activation  of  O2 to  alkyl  hydroperoxides.  These,  in  turn,  reacting  with 
bromide ions, give a brominating species that attacks C=C double bond of 
olefins.  A  nucleophile  such  as  H2O  or  Br- leads  to  bromohydrin  and 
dibromo-derivative respectively. Under analogous experimental conditions, 
phenol  and anisole  are  converted  to  their  monobrominated  derivatives,  a 
transformation of particular interest if one considers the otherwise difficult 
monobromination  of  activated  arenes.  From  Table  2,  it  is  seen  that 
polymeric  matrix  increases  the yields  to  epoxides  and bromohydrins  and 
inhibits  undesirable  autooxidation  processes  leading  to  monooxygenated 
products.  It  is  evident  the  crucial  role  of  the  resin  in  fostering  the 
enrichment of Br- ions close to the surface, promoting their reaction with 
photogenerated alkyl hydroperoxides, before their diffusion in the solution 
bulk.
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Table 2. Photocatalytic properties of Amb/W10O324- and of W10O324- in the 
bromide-assisted functionalization of alkenes.
Alkene System Alkene products distribution (%)
EP + BrOHa BrBra OMPa
cyclohexene Amb/W10O324- 36 42 22
W10O324- 24 7 69
1-methyl-1-
cyclohexene
Amb/W10O324- 69 5 26
W10O324- 38 4 58
styrene Amb/W10O324- 44 2 50
W10O324- 22 0 70
aEP  =  epoxide,  BrOH  =  bromohydrin,  BrBr  =  dibromoalkane,  OMP  =  other 
monooxygenated products, such as allylic alcohols and ketones.
 
1. 4. 4 HETEROGENIZATION WITH MEMBRANES
Among the different techniques for the immobilization of decatungstate, the 
occlusion  in  polymeric  membranes  offers  new developments  in  aqueous 
photocatalysis. In fact, in water, the choice of an appropriate hydrophobic 
support may be the key to discriminate among reactants.  In this  context, 
Bonchio  and  co-workers  have  embedded  W10O324- in  several  polymeric 
membranes, using a phase inversion technique or a hydrosilylation reaction 
[85,  86].  Polyvinylidene  fluoride  (PVDF)  and  polydimethylsiloxane 
(PDMS)  are  the  most  resistant  membranes,  in  terms  of  self-induced 
degradation upon irradiation in water. These systems have been studied in 
the  photooxidation  of  several  water  soluble  alcohols  (n-pentanol, 
cyclohexanol, cyclopentanol). Carbonyl products accumulate in solution up 
20
to  a  substrate  conversion  in  the  range 10 -  30% and then they undergo 
consecutive  oxidation.  In  comparison  with  homogeneous  Na4W10O32,  the 
heterogeneous photooxidation is slower but proceeds to completion in a few 
hours.  Interestingly,  heterogeneous  matrix  exerts  specific  substrate 
recognition,  a  key  factor  to  achieve  selective  processes:  the  preferential 
interaction with the polymeric membrane promotes the oxidation, favouring 
adsorption equilibrium and leading to substrate enrichment on the surface 
close to the photoactive sites. Concerning the stability, the PDMS - W10O324- 
photocatalyst  is  the  most  stable  and effective  in  multiple  runs,  probably 
thanks  to  an  optimal  surface  dispersion of  decatungstate  and to  a  better 
substrate supply. The same group of researchers has prepared a new hybrid 
photocatalyst by embedding the fluorous-tagged decatungstate (RfN)4W10O32 
(RfN  =  [CF3(CF2)7(CH2)3]3CH3N+)  within  fluoropolymeric  films,  like 
Hyflon®  [86,  87].  The  perfluoropolymer  has  thermal  and  oxidative 
resistance  and  high  permeability  of  O2.  The  resulting  hybrid  materials 
exhibit  remarkable  activity  in  the  solvent-free  oxygenation  of  benzylic 
hydrocarbons.  As  an  example,  with  tetraline  and  indane  high  turnover 
numbers (> 6000) are obtained.
A very new generation of catalytically active membranes has been 
developed by using low-temperature-plasma surface modification technique, 
which allows to modify or functionalize by grafting, in a controlled way, 
only the topmost few layers of membranes while retaining their mechanical, 
physical and bulk properties. Poly(vinylidene fluoride) (PVDF) membrane 
is modified by plasma treatment to graft amino groups at its surface, which, 
in turn, are used as anchor groups for the immobilization of decatungstate 
and of phosphotungstic acid (H3PW12O40) in a highly precise way [88, 89]. 
These  novel  heterogeneous  systems,  used  for  the  complete  aerobic 
degradation of phenol, exhibit improved photocatalytic performances with 
respect  to  the  corresponding  homogeneous  systems.  Although  no 
applications  for  synthetic  purposes are  present  in  literature  up today,  we 
consider  these results  as  a  first  successful  example  of plasma treatments 
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applied  for  the  heterogenization  of  polyoxotungstates  on  polymeric 
membranes.
2. IRON PORPHYRINS
2.1 GENERAL FEATURES
Porphyrins  are  macrocycles  composed  of  four  pyrrole  subunits 
interconnected  at  their  α  carbon  atoms  via  methine  bridges  (=CH-). 
Porphyrins  obey  Hüchel’s  rule  for  aromaticity,  possessing  (4  n  +  2)  π 
electrons  delocalized over the macrocycle  leading to a  highly-conjugated 
system. As a consequence,  they typically present very intense absorption 
bands in the visible region and are deeply coloured. 
Metalloporphyrins have demonstrated a significant catalytic  ability 
in a wide variety of reactions over the last 30 years. In particular, Fe (III) 
porphyrins are  well  known for  their  ability  to  catalyze  the  oxidation  of 
various  substrates  including  inert  molecules  such  as  alkanes  under  mild 
conditions in the presence of an oxygen atom donor. For this reason, they 
are considered to be able to mimic the catalytic cycle of cytochrome P450-
dependent monooxygenases [90-95]. The main problem in catalysis by iron 
porphyrins is the stability of the ring that easily undergoes radical attacks 
that open the macrocycle. One approach to solve this problem has been the 
introduction of meso-aryl substituents on the porphyrin periphery (Figure 6). 
These  protect  methinic  groups  and  produce  more  robust  and  resistant 
catalysts [96-99]. 
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Figure 6. Structure of iron(III) meso-tetrakis(2,6-dichlorophenyl)porphyrin 
– Fe(III)(TDCPP).
In this doctoral thesis a derivative of the iron (III) meso-tetrakis(2,6-
dichlorophenyl)porphyrin - Fe(III)(TDCPP) reported in Figure 6 has been 
considered. In this complex eight chlorine atoms are in the ortho positions 
of the meso-aryl groups and provide a steric protection of the porphyrin ring 
against its radical induced oxidative degradation [100]. 
2. 2 PHOTOCATALYTIC ACTIVITY OF IRON PORPHYRINS
On the  basis  of  their  photochemical  activities,  metalloporphyrins  can  be 
divided in two main groups: 1) emitting and 2) no emitting complexes. Iron 
porphyrins belong to the group of no emitting porphyrins, since the metal is 
open shell and the excited states have very short lifetimes. For this reason 
bimolecular  reactions  are  not  allowed  for  them  [101].  However,  iron 
porphyrins  can  undergo  photoinduced  intramolecular  charge  transfer 
processes. In particular, irradiation in the near ultraviolet region can induce 
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an electron transfer from the axial ligand to the metal centre [102, 103]. As 
a consequence of this process, FeIII is reduced to FeII and the axial ligand is 
oxidized to a radical species (Figure 7).
N N
NN
FeIII
L
 hν 
(banda LMCT)
N N
NN
FeII
L.
Figure 7. Primary photochemical process of iron (III) porphyrin complexes
The validity of this mechanism has been demonstrated following both the 
photo  reduction  of  iron(III)  through  pulsed  laser  flash  photolysis  or 
spectrophotometric  measurements  under  continuous  irradiation  and  the 
formation of radicals through EPR spectroscopy. Several axial ligands that 
can undergo this  photo-oxidation  process are:  alcohols,  azide,  imidazole, 
pyridine, halides. The rate of recombination of the photogenerated radical 
with the reduced iron depends on various factors such as the nature of the 
ring and of the axial ligand.
It has been demonstrated that Fe(II) formation is the key step for reductive 
oxygen activation. In fact, O2 coordination on Fe(II) leads to an iron (III)-
superoxide complex (equations 1-4 in Scheme 1). 
24
Fe(III)P
L
h
Fe(II)P
L
+ O2
Fe(II)P
LO2
Fe(II)P
L
Fe(II)P
LO2
Fe(III)P
O - O
+ L
Fe(III)P
O - O
+ L Fe(III)P
L
+ O2-
(1)
(2)
(3)
(4)
Scheme 1. Primary photochemical processes of iron (III) porphrins in 
aerated conditions.
Moreover,  the  formation  of  a  radical  species  from the  axial  ligand  can 
initiate the oxidation of inert substrates such as alkanes [104-109]. 
2. 3 HETEROGENIZATION OF PORPHYRINS
Heterogenization  of  metalloporphyrins  has  a  number  of  advantages 
compared to homogeneous catalysis:
a) the support can stabilize the porphyrin preventing the formation of μ-oxo 
dimers that are photochemically inactive,
b) recovery and recycling of the catalyst are easy,
c) any problems of solubility of the catalyst are avoided.
It  is  also to  outline  that  the matrix  structure  can provide a  better 
selectivity, by controlling the approach of the substrate to the active sites of 
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the immobilized metallocomplex, where the catalytic oxidation takes place. 
In general, immobilization methods include physical entrapment, covalent 
or ionic bonding or surface adsorption.
2. 3. 1.    TYPES OF SUPPORTS
The employed supports must satisfy a number of requirements: 
a)  their  interaction  with  the  metal  porphyrin  must  be  strong  enough  to 
prevent the release of the complex in solution; 
b)  they  must  be  very  resistant  to  oxidation  for  not  competing  with  the 
substrate, decreasing the efficiency of the desired process; 
c) the reaction rate should remain appreciable;  a good distribution of the 
substrate around the catalytic site must be accomplished.
Many different inorganic and organic solids have been investigated 
as  supports  for  metalloporphyrin  immobilization  (Figure  8):  inorganic 
solids,  such  as  silica,  alumina,  zeolites  and  clays,  cross-linked  organic 
polymers,  such  as  polystyrenes/divinylbenzene  resins  and  Nafion 
membranes, micelles.
The  techniques  for  anchoring  metal  porphyrins  on  supports  are  quite 
different and can be summarized as follows:
 a covalent bond between porphyrin and support [110] provides a good 
stability;
 ionic interactions between anionic or cationic porphyrins and supports 
containing groups of opposite charge [111-113];
 copolymerization  of  the  catalyst  with  the  support  [114]  to  give  a 
polymer matrix in which the porphyrin is attached as a monomer.
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Figure 8. Several types of materials used to support metal porphyrin 
complexes: a) lamellar inorganic matrices, b) polymeric resin, c) silica, 
d) alumina
Porous  networks  containing  metalloporphyrins  have  proven  to  be 
potentially  applicable  as  efficient  heterogeneous  catalysts [115] after 
immobilization of the complex in organic polymers, or inorganic matrices, 
such as silica [116-117], zeolites [118, 119], clays [120-122], layered double 
hydroxides  [123,  124], tubular  and  fibrous  matrices,  [125]  silica  matrix 
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obtained by the sol-gel process [126-133]. Catalyst immobilization enables 
site-isolation of the metal center and it is one of the approaches aimed to 
reduce  metalloporphyrin  degradation  since  it  prevents  molecular 
aggregation or bimolecular self-destruction reactions, [130] which all lead to 
deactivation of the catalytically active metalloporphyrin species [129, 131]. 
It has been reported that metalloporphyrins containing electron-withdrawing 
substituents [134] immobilized on inorganic supports leads to efficient and 
selective  catalysts  for  hydrocarbon  oxidation.  The  inorganic  support  can 
provide a peculiar environment around the active species, which would not 
occur in homogeneous medium. In the sol-gel methodology, control of the 
preparation conditions can easily alter  the structure and properties of the 
obtained materials. As  already reported [126], the presence of porphyrins 
can contribute to the polymerization of the silica network. In 2010 Castro et 
al.  reported  [135]  about  preparation  of  catalysts  based  on  iron  (III) 
porphyrins  heterogenized  on  silica  obtained  by  sol-gel  route,  using  the 
Stöber methodology, to obtain spherical particles [136].
The  photocatalytic  activity  of  iron  (III)  porphyrin  complexes  is 
maintained after heterogenization. In fact, the primary photochemical act of 
Fe(III)TDCPP  hosted  inside  different  heterogeneous  and 
microheterogeneous systems is  the reduction of the metal  center  and the 
oxidation of the axial ligand to a radical species, as shown in equations of 
Scheme 1. Fe(III)TDCPP(Cl) has been physically entrapped inside cross-
linked polystyrene using solvent-dependent swelling. Its photoexcitation in 
the  presence  of  cyclohexene  leads  to  the  formation  of  allylic  oxidation 
products with a quantum yield of 2.2x10-2 at 365 nm [137]. 
Some researches investigated the photocatalytic behaviour of Fe(III)TDCPP 
in micellar aggregates. The use of micelles has some positive implications 
such as i) optically transparent solutions readily amenable to photochemical 
investigation, ii) water as a medium for carrying out organic transformations 
and iii) reagents and reaction intermediates confined in small hydrophobic 
cavities [138]. For example, N,N-dimethyltetradecylamine N-oxide (DTAO) 
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is able to dissolve Fe(III)TDCPP and considerable amounts of cycloalkenes. 
The photocatalytic  process  occurs  mainly  in  the  non-polar  region of  the 
micelles  and  the  reactivity  of  reaction  intermediates  and  therefore  the 
chemoselectivity  of  the  oxidation  process  is  controlled  by  the 
microenvironment [139]. 
Nafion  is  an  optically  transparent  polymer  consisting  of  a 
perfluorinated backbone connected to sulphonic groups through short chains 
of  perfluoropropylene  ether.  The  monocationic  iron  porphyrin 
Fe(III)TDCPP(iPrOH) can be caged inside the anionic cavities of Nafion 
simply by swelling the membrane in an alcoholic medium [112, 113]. The 
system  favours  reactions  in  proximity  of  the  metal  center  inhibiting 
autooxidation processes in the solution bulk. Thanks to the great affinity of 
Nafion  for  O2,  heterogenization  inside  these  membranes  significantly 
improves both efficiency and stability of the iron porphyrin photocatalyst. 
Concerning the selectivity, the presence of cyclohexene epoxide, that is not 
formed in homogeneous conditions, is an indication of the involvement of 
biomimetic high-valent intermediates of the iron porphyrin.   
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DISCUSSION
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 1. Photocatalytic  properties  of  tetrabutyl-ammonium 
decatungstate incorporated into sol-gel silica in the oxidation 
of aliphatic alcohols.
Photocatalysis  with  polyoxotungstates  (POTs)  for  oxidation  reactions 
continues to be the object of intense research [8, 24, 29, 30]. In particular, 
photocatalysis  with  decatungstate  anion W10O324- is  interesting  because  it 
may be carried out with i) molecular oxygen, a wide available and cheap 
oxidant;  ii)  under  mild  temperature  and  pressure  conditions;  iii)  by 
illumination  with sunlight,  a completely renewable source of energy that 
allows the conception of short and efficient reaction sequences, minimizing 
side processes [8, 9, 24, 29, 30, 62, 140-143].
As reported in the introduction of this thesis, considerable attention 
has been recently focused on heterogenization of W10O324- [59, 64-66, 71, 
81,  84-87,  144,  145].  Much  attention  is  devoted  to  the  design  of  these 
heterogeneous photocatalysts to tailor efficiency and selectivity of oxidation 
processes through control of the microscopic environment surrounding the 
catalytic centre.
For  this,  I  prepared  two  photoactive  materials  by  entrapment  of 
W10O324- in a silica matrix with different decatungstate loadings, following a 
previously  reported  sol-gel  procedure  [146].  Chemical-physical 
characterization of these materials has been studied in detail. The effect of 
the hydrophobic/hydrophilic surface character, the porosity and surface area 
were related to the reactivity of primary and secondary aliphatic alcohols. 
The results  of this  study have been the object of an article  published in 
Dalton Transactions [15].
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1. 1 EXPERIMENTAL SECTION
1. 1. 1 SYNTHESIS OF (n-Bu4N)4W10O32
Tetrabutylammonium  decatungstate  [(n-Bu4N)4W10O32] was  obtained 
following  a  literature  procedure  [147,  148]  .  The  salt  was  prepared  by 
mixing boiling solutions of Na2WO4·2H2O (4 g in 25 mL of water) and of 
HCl (3 M, 8.4 mL) upon vigorous stirring. The gelatinous precipitate locally 
formed disappears. After boiling for a few minutes, the clear yellow solution 
was precipitated by addition of an aqueous solution of (nBu4N)Br (1.6 g in 
2.5 mL).  The  pale  yellow  precipitate  was  filtered,  washed  with  boiling 
water,  ethanol,  and  finally  diethyl  ether,  dried  with  air  and  then 
recrystallized  from  CH3CN  at  80  °C  by  cooling  the  solution  at  room 
temperature. The yellowish prismatic crystals thus obtained are washed with 
diethyl ether and air-dried [UV-vis in CH3CN: 323 nm; IR (pellets of KBr): 
958 (vs), 942 (s), 801 (vs), 405 (vs), 331 (m) cm-1)].
1. 1. 2.  SYNTHESIS OF (n-Bu4N)4W10O32/SiO2 
The  composite  photocatalysts  (n-Bu4N)4W10O32/SiO2 was  synthesized 
following a literature procedure, with some modifications, concerning the 
preparation of microporous POMs by a sol-gel technique [144, 149]  . The 
reaction pathway is illustrated in Scheme 2. Tetraethyl-orthosilicate (TEOS) 
was  selected  as  silica  source.  The  process  consists  in  the  hydrolysis  of 
TEOS  in  the  presence  of  (n-Bu4N)4W10O32 at  pH  2.0.  During  TEOS 
hydrolysis,  subsequent  slow dehydration  and  final  calcination,  the  POM 
cluster was entrapped into the porous silica network.
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Scheme 2. Reaction pathway for the preparation of silica supported 
microporous W10O324-
In particular, (n-Bu4N)4W10O32 was dissolved in a mixture of CH3CN and 
H2O (0.5 g in 10 mL of CH3CN and 5 mL of H2O). Then, the acidity of the 
solution was adjusted to pH 2 with HClO4 (1.5 M). After acidification, the 
solution was added dropwise to a mixture of TEOS and 1-butanol (5 mL and 
4.5 mL respectively). The obtained mixture was stirred at room temperature 
33
Washing with hot water
Calcination at 200 şC for 3 hours
Stirring: at room temperature for 1 hour
             at 45 şC for 3 hours
             at 80 şC for 1 hour
Dehydration in vacuum:
at 45 şC for 15 hours
at 90 şC for 3 hours
pH adjusted at 2 with HClO
4
 1.5 M
Added dropwise to
TEOS and 1-butanol
(n-Bu
4
N)
4
W
10
O
32
dissolved in H
2
O + CH
3
CN
for 1 h, at 45 ºC for 3 h and finally at 80 ºC for 1 h. The pH was maintained  
at  2  by  adding  HClO4 during  the  course  of  the  reaction.  The  hydrogel 
obtained was slowly dehydrated at 45 ºC for 15 h and then at 90 ºC for 3 h 
in a rotary evaporator. The particulate gel was extracted with water at 90 ºC 
several times until the filtrate was neutral and then the product was calcined 
at 200 ºC for 3 h. On the basis of the solid mass obtained at the end of the 
preparation  and the  initial  amount  of  (n-Bu4N)4W10O32 used,  it  has  been 
possible  to  estimate  that  the  prepared  material  (n-Bu4N)4W10O32/SiO2 
contained  30%  (w/w)  of  decatungstate  (SiO2/W30%).  A  second 
photocatalyst was obtained simply by washing the first sample SiO2/W30% 
several  times  with  aliquots  of  CH3CN  until  tetrabutylammonium 
decatungstate was no longer released in detectable amounts into the solvent. 
CH3CN was chosen because it is the only solvent with a good affinity for (n-
Bu4N)4W10O32. On the basis of the UV-vis spectra of the CH3CN aliquots 
employed  in  the  washing,  we  could  estimate  that  the  new  sample 
(SiO2/W10%) contained 10% w/w of (n-Bu4N)4W10O32. Moreover, a sample 
not  including  decatungstate  (SiO2)  was  also  prepared,  following  the 
procedure described above but without adding (n-Bu4N)4W10O32.
1. 1. 3 TEXTURAL CHARACTERIZATION 
Diffuse reflectance UV/vis spectra were recorded with a Jasco V-570 using 
an  integrating  sphere  and  BaSO4 as  reference.  The  plotted  spectra  were 
obtained by the Kubelka-Munk transformation (F(R) = 1 - R2/2R) versus the 
wavelength. 
IR spectra were recorded with a Bruker Vertex 70 instrument, fitted 
with  a  Spectra-Tech  collector  diffuse  reflectance  attachment.  KBr  pellet 
technique was used. A solid sample was ground into a very fine powder and, 
then, the spectrum was recorded. The results were analyzed by Bruker Opus 
6.5 software. 
34
The morphology of the solid samples was investigated with a Hitachi 
H-800  transmission  electron  microscope  (TEM).  The  sample  for  TEM 
analysis was prepared by dropping a water dispersion of the photocatalyst 
on a copper grid.
N2 adsorption-desorption experiments were carried out at 77 K by 
means of ASAP2020 instrument (Micromeritics). Before each measurement, 
the sample was outgassed overnight at 150 ºC with a rotative pump (residual 
pressure about 10-2 mbar).
1. 1. 4 ADSORPTION EXPERIMENTS 
Adsorption experiments were carried out by suspending each photocatalyst 
(33 g L-1) in 300 µl of CH3CN or CH2Cl2 solutions containing increasing 
concentrations  of  alcohol  and keeping  in  the  dark for  20 minutes  under 
magnetic stirring. The amount of adsorbed alcohol was obtained evaluating 
its concentration decrease in the solution by gas chromatographic analysis. 
For sensitivity reasons, these experiments have been carried out reducing 
the volume of alcohol employed and increasing the amount of solid sample 
in respect to the photocatalytic experiments (see next paragraph).
1. 1. 5 PHOTOCATALYTIC EXPERIMENTS
Solvents  were  UV grade,  alcohols  used  as  substrates  and  corresponding 
aldehydes  and  ketones  used  as  standards  were  purchased  in  the  highest 
purities  available  from  Sigma-Aldrich  and  employed  without  further 
purification.
Photocatalytic experiments were carried out inside a Pyrex tube of 
15 mL capacity at 298 ± 1 K. The desired amount of photocatalyst (8 g/L) 
was suspended in 3 mL of suitable  solvent  containing  the alcohol  under 
investigation (5 x 10-3  M), ultrasonicated for 20 min and then magnetically 
stirred for other 20 min before irradiation. SiO2/W10% was dispersed both 
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in CH3CN and CH2Cl2, while suspensions of SiO2/W30% were feasible only 
in CH2Cl2 in order to prevent the unavoidable leaching of (n-Bu4N)4W10O32 
in  CH3CN.  The  pyrex  photoreactor  was  filled  with  O2 and  then  joined 
through an inlet tube to a balloon filled with O2. Photochemical excitation 
was performed by irradiating the Pyrex tube with an external Helios Q400 
Italquartz medium-pressure Hg lamp, selecting wavelengths higher than 290 
nm with  a  cut  off  filter  for  60  min.  The  photon  flux,  measured  with  a 
MACAMUV203X ultraviolet radiometer, was 15 mWcm-2. 
At  the  end  of  the  photocatalytic  experiment,  the  sample  was 
centrifuged, the products adsorbed on the irradiated powders were extracted 
with CH2Cl2 (2 x 3 mL),  and the organic phases were analyzed by gas-
chromatography.  Product analyses were carried out using a HP 6890 gas 
chromatograph  equipped  with  a  flame  ionisation  detector.  HPWAX 
capillary column (cross-linked polyethylene glycol, 30 m, internal diameter 
0.32 mm, film thickness 0.50 μm) was used for pentanols and heptanols, 
when CH2Cl2 was the dispersing medium, while DB 624 capillary column 
(30 m, internal diameter 0.32 mm, film thickness 0.18 μm) was employed 
for  pentanols  and  heptanols,  when  CH3CN  was  used  as  solvent.  The 
programme temperature  was 333 K (5 min),  10 K/min,  433 K (20 min) 
when HPWAX capillary column was used and 343 K (5 min), 10 K/min, 
443 K (3 min) when DB-624 capillary column was employed. Quantitative 
analyses  were performed  with  calibration  curves  obtained  with  authentic 
samples. Each experiment was repeated three times in order to evaluate the 
error,  which  remained  in  the  ±  5%  interval  around  mean  values. 
Homogeneous  photocatalytic  experiments  were carried out  dissolving (n-
Bu4N)4W10O32 in CH3CN solutions containing the alcohol (5 x 10-3  M). The 
decatungstate concentration in these solutions (2 x 10-4  M) warranted the 
complete absorption of the incident photons. After irradiation, the samples 
were analyzed as described above.
Control experiments were run irradiating SiO2  (8 g/L) suspended in 
CH3CN or CH2Cl2 solutions containing an alcohol (5 x 10-3  M) or keeping 
36
SiO2/W10% (or SiO2/W30%, 8 g/L) dispersed in the solution containing the 
alcohol in the dark. 
Other experiments were carried out in order to test the stability of 
SiO2/W10%: after a photocatalytic run, the used photocatalyst was separated 
from the reaction mixture, washed with CH2Cl2 and CH3CN, dried at 50 ºC 
for one hour and then recycled for a subsequent photocatalytic experiment. 
This  procedure  has  been  repeated  3  times.  The  possible  release  of 
polyoxoanion in the solution phase was evaluated by UV-vis analysis of the 
solution before and after irradiation.
1. 1. 6 DETERMINATION OF CO2
In  order  to  establish  the  amount  of  carbon  dioxide  eventually  formed, 
samples  prepared  as  described in  the  previous  paragraph were irradiated 
maintaining the reactor firmly closed. Experiments were carried out using 
CH2Cl2  as dispersing medium. At the end of irradiation, 3 mL of a NaOH 
solution (0.1M) were put inside the reactor with a syringe and mixed with 
the irradiated solution. Then, 2.5 mL of the aqueous solution were taken and 
kept into a vial. After the addition of 1 mL of a saturated citric acid solution, 
carbon  dioxide  released  was  measured  by  pH meter  BasiC 20 CRISON 
equipped  with the gas sensing probe  (Crison 9666). Quantitative analysis 
was  made  through  a  calibration  curve  built  from  standard  solutions  of 
NaHCO3. Results obtained from the irradiated samples were compared with 
those coming from analogous samples kept in the dark for the same period.
1. 2 TEXTURAL CHARACTERIZATION
Textural characterization has been carried out at the University of Torino in 
collaboration with Dr. Giuliana Magnacca.
Figure 9 reports the UV-vis spectra of SiO2/BuW10% and of SiO2. It is seen 
that the material containing decatungstate still presents an intense absorption 
at wavelengths in the range 300-400 nm, typical of W10O324-. This absorption 
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is  not  present  in  SiO2 indicating  that  the  polyanion  has  been  supported 
without modifications.
200 300 400 500 600
0
1
2
3
 SiO2
 SiO2/W10%
A
wavelength (nm)
Figure 9. UV-vis spectra of SiO2/W10% and of SiO2.
Figure  10  shows  the  IR  spectrum  of  SiO2/W30%  and  that  of  (n-
Bu4N)4W10O32 for  comparison.  It  is  seen  that  the  infrared  pattern  of 
decatungstate  from 2000 to 500 cm-1 is  maintained in  the heterogeneous 
system. Moreover, Fig. 10 gives also evidence that n-Bu4N+ cations do not 
undergo any significant modification during the heterogenization procedure, 
since the C-H bond stretching at about 2870 cm-1 is retained.
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Figure 10. IR spectra (n-Bu4N)4W10O32 and of SiO2/W30%.
Therefore,  UV-vis  and infrared  spectroscopic  measurements  indicate  that 
the structure of (n-Bu4N)4W10O32 is retained after its heterogenization to give 
SiO2/W30% and SiO2/W10%. TEM images reported in Figure 11 reveal that 
both SiO2/W30% and SiO2/W10% powders are composed of aggregates of 
fine particles that posses spherical morphology and a size distribution in the 
range 20-50 nm.
Figure 11. TEM images of SiO2/W10%.
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Gas-volumetric adsorption of N2 at 77 K gives important information 
about the morphological features of SiO2/W10%, SiO2/W30% and SiO2. As 
far  as  the  surface  specific  area  is  concerned, we  characterized the 
SiO2/W10% and SiO2/W30% samples by means of the BET [150] method 
and  SiO2 using  the  Langmuir  [151]  model  because  of  the  extensively 
microporous nature of this sample.  This choice is due to the fact that the 
BET method, which is based on the formation of adsorbed multilayers on 
the material, is not appropriate for a microporous system: in cases like the 
present one, it is much better to apply the Langmuir model, which considers 
a single layer of N2 molecules to be formed in the very small microporous 
cavities  of  the  solid. Table  3  reports  the  specific  surface  areas  of  SiO2, 
SiO2/W10% and SiO2/W30%.
Table  3.  Morphological  features  of  decatungstate-containing  SiO2–based 
materials.
Sample SSA/m2g-1 Vtot/cm3g-1 Vmicro (<15 Å
width, cm3 g-1)
Vmeso (>15 Å
width, cm3 g-1)
SiO2
SiO2/W30%
SiO2/W10%
772
394 
544 
0.176
0.185
0.250
0.131
0.098
0.148
0.045
0.087
0.102
Mesoporosity and microporosity of analogous composite  materials 
were previously evaluated [72, 144, 145, 149] with good results by means of 
Barret-Joyner and Halenda (BJH) [152] and Horvath-Kowazoe (HK) [153] 
models. In the systems investigated here, the presence of a class of pores 
(vide infra) on the boundary between the two kinds of porosities, that can be 
typically  investigated  with  BJH  and  HK  methods,  makes  the  separate 
determination of the meso and micro porosities with these two models quite 
not  exhaustive.  In  fact,  it  is  known that  the  BJH  model  is  not  able  to 
determine  quantitatively  mesopores  with  diameters  smaller  than  20  Å. 
Moreover, the HK model underestimates micropores with widths of about 
10-15  Å.  In  order  to  overcome  this  problem,  we  employ  here  isotherm 
deconvolutions in accordance with Density Functional Theory (DFT), which 
considers both micro- and mesoporosity at the same time [154]. This DFT 
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method  is  based  on  a  software  developed  by  Micromeritics  for  carbons 
[155], subsequently extended to other kind of materials. The pore volumes 
reported in Table 3 and Figure 12 are classified on the basis of the pore size 
distribution determined via the DFT method and quantified considering the 
DFT cumulative pore volume curves. The porosity examined through this 
method gives good results in the isotherm simulation considering slit-shaped 
pores.
Figure 12 shows the incremental pore volume as a function of the 
pore width obtained via the DFT method and allows us to recognize the 
fraction  of  pores  with  widths  between  10  and  20  Å.  It  is  seen  that 
SiO2/W30% is characterized by the presence of micropores with width of 
about 7 Å, in agreement with previous literature data on the entrapment of 
polyoxometalates  in silica matrices  via sol-gel techniques [72-74, 77, 85, 
144,  146].   In  addition  to  these  micropores,  SiO2/W30%  also  contains 
micropores around 15 Å and mesopores around 25 Å.
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Figure  12.  DFT pore  analysis  (slit  pores)  for  SiO2/W30% (broken line), 
SiO2/W10% (solid  line)  and SiO2 (dotted  line).  The vertical  broken line 
represents the threshold value (15 Å) between micro- and mesopores.
Table  3  and  Figure  12  show  that  morphological  features  of 
SiO2/W30%  differ  markedly  from  those  of  its  parent  material  SiO2.  In 
particular, SiO2 does not contain 7 Å micropores, but is characterized by a 
high degree of microporosity at about 12 Å in width (about 75% of the total 
volume from Table 3). Moreover, SiO2  presents a degree of mesoporosity 
lower than that of SiO2/W30%. These results indicate that the incorporation 
of  the  decatungstate  precursor  during  the  synthesis  of  the  silica-based 
photocatalyst induces a significant modification of the porous texture of the 
siliceous  material,  suggesting  that  the  tetrabutylammonium decatungstate 
can act as a templating agent during the formation of the porous material.
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The data in Table 3 and Figure 12 give also evidence that there are 
significant  differences  between  the  morphologies  of  SiO2/W30%  and 
SiO2/W10%. In particular, the total pore volume and specific surface area of 
SiO2/W10%  are  markedly  higher  than  those  of  SiO2/W30%.  These 
differences  may  be  due  to  the  removal  of  the  decatungstate  not  firmly 
incorporated inside the silica network and weakly adsorbed on the external 
surface. In fact, the SiO2/W10% sample is obtained by washing SiO2/W30% 
with  CH3CN  until  the  decatungstate  is  no  longer  leached  in  detectable 
amounts. The strength of the interaction of (n-Bu4N)4W10O32 with silica in 
composite  systems  prepared  via  sol-gel  technique  has  been  discussed  in 
literature:  porous nature of the silica network and adsorption phenomena 
due  to  electrostatic  interactions  between  ≡Si-OH  groups  and  (n-
Bu4N)4W10O32 are  proposed  to  prevent  the  removal  of  the  polyoxoanion 
from  this  kind  of  material  [66,  72,  149].  Moreover,  hydrogen  bonding 
between the oxygen atoms of the polyoxoanion and the ≡Si-OH groups of 
silica should also contribute to the adsorption of (n-Bu4N)4W10O32 on the 
silica matrix as suggested by previous investigations on the modes of the 
decatungstate  adsorption  on  zirconia  [77].  The  possibility  of  stronger 
interactions,  which  exist  in  the  composite  H3PW12O40/SiO2 and 
Na4W10O32/SiO2 systems, between the protonated silanol groups ≡Si-OH2+ 
and  the  polyoxoanion,  is  somewhat  remote  in  (n-Bu4N)4W10O32 
photocatalyst,  because  of  the  relatively  strong  electrostatic  interaction 
between the large cation (n-Bu4N)+ and W10O324- [72].
Considering the relatively high size of the decatungstate (about 25 Å 
long and 8 Å wide), the removal of “external” (n-Bu4N)4W10O32 is expected 
to  uncover  some  mesopores  of  SiO2/W30%,  and  above  all,  to  render 
available a large number of micropores, probably blocked by the presence 
of the large anionic species: this yields a material with a more remarkable 
porous network. In fact,  from the data in Table 3 and Figure 12 we can 
determine  that,  while  the  volume  of  mesopores  increases  by  17% upon 
converting SiO2/W30% to SiO2/W10%, the corresponding increase in the 
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micropore  volume is  about  51%. This  accounts  for  the  40% increase  in 
specific surface area passing from SiO2/W30% to SiO2/W10%.
1. 3 PHOTOCATALYTIC ACTIVITY
The photocatalytic activity of SiO2/W10% has been assessed studying the 
oxidation of 1-pentanol, 2-pentanol and 3-pentanol dissolved in CH3CN or 
CH2Cl2. The well known ability of photoexcited (nBu4N)4W10O32 to induce 
oxidation of alcohols is retained inside the silica network [9, 13, 24, 29, 62, 
140-142]. In fact, photoexcitation with light of wavelengths higher than 290 
nm, at room temperature and under 760 torr of O2, leads to the conversion of 
1-pentanol,  2-pentanol  and  3-pentanol  to  pentanal,  2-pentanone  and  3-
pentanone, respectively. In all cases, we were able to estimate that the mass 
balance  between  detected  products  and  reacted  alcohol  was  about  90%. 
Moreover, carbonylic products accounted for about 95% of the overall gas 
chromatographic areas of the detected photoproducts. Control experiments 
carried out by irradiating a powder dispersion of the raw silica material SiO2 
did not lead to the formation of detectable amounts of oxidation products, 
allowing us to rule out the possibility that some kind of photoactivation of 
the silica support occurs. Additional  control experiments indicate  that no 
oxidation products are formed after the contact between the heterogenized 
decatungstate and the alcohol in the absence of light. 
The cascade of events that follow the absorption of light by W10O324- has 
been already discussed in the Introduction of this thesis (see Introduction 
paragraph 1.3). When the substrate is an alcohol, the very reactive transient 
wO reacts with it through hydrogen atom abstraction from the C-H bond in 
the  position to the OH group, leading to the reduced decatungstate and to 
an organic radical,  which,  finally,  is  oxidized  to  a  carbonylic  compound 
(Scheme  3).  Molecular  oxygen  provides  for  the  reoxidation  of  the 
photoreduced decatungstate with parallel formation of peroxy compounds. 
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Scheme 3. Photocatalytic behaviour of W10O324- in the presence of alcohols.
In order to optimise the slurry amount of photocatalyst with respect 
to  absorption  of  incident  light,  some  photocatalytic  experiments  were 
carried out varying the amount of suspended material. Figure 13 reports the 
concentrations  of  pentanal  and 3-pentanone after  one hour  irradiation  of 
increasing amounts  of SiO2/W10% dispersed in CH3CN.  This plot shows 
that,  in  the  concentration  range  examined,  the  optimum  amount  of 
photocatalyst is  8 g/L for both alcohols.  Measurements with an ultraviolet 
radiometer indicate that 8 g/L of photocatalyst are able to absorb 90% of the 
impinging radiation at 313 nm, which is the emission line of the employed 
light source closest to the absorption maximum of W10O324- at 325 nm. For 
this reason, this quantity of photocatalyst was used throughout this work to 
compare the reactivity of all the alcohols investigated.
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Figure 13. Pentanal and 3-pentanone concentrations obtained after 60 min 
irradiation (λ > 290 nm) of increasing amounts of SiO2/W10% dispersed in 
3 mL of CH3CN, containing 1-pentanol or 3-pentanol 5 x 10-3 M. The point 
corresponding to 0 gL-1 of photocatalyst was obtained by irradiating 8 g/L of 
the raw silica material SiO2.
Table 4 reports the results of the photocatalytic experiments carried out with 
SiO2/W10% dispersed in CH3CN solutions containing 1-, 2- or 3-pentanol. 
Results  obtained  irradiating  (nBu4N)4W10O32 dissolved  in  CH3CN  in  the 
presence of pentanols are also reported for comparison. As explained in the 
experimental section, the photocatalyst  SiO2/W30% could not be used with 
acetonitrile as dispersing medium. Reported  values are  mol of carbonylic 
products obtained after 60 min irradiation. The relative reactivity of primary 
and secondary alcohols is reported in the last column of Table 4 in terms of 
the ratio between the aldehyde and ketone obtained. 
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Table 4. Photocatalytic oxidation of pentanols in CH3CN a
Exp Photocatalytic 
system
Alcohol
Products (moles) b
Pentanal 2-pentanone 3-pentanone Aldehyde/ 
ketone
1
(n-Bu4N)4W10O32 
in CH3CN
1-pentanol 0.92 / /
2 2-pentanol / 0.97 / 1.0
3 3-pentanol / / 0.96 1.0
4
SiO2/W10%
dispersed in 
CH3CN
1-pentanol 0.51 / /
5 2-pentanol / 0.28 / 1.8
6 3-pentanol / / 0.13 3.9
a  In  a  typical  experiment  SiO2/W10%  (8  g/L)  or  (n-Bu4N)4W10O32 (2x10-4 M)  were 
suspended or dissolved in CH3CN solutions containing the desired alcohol (5 x 10-3 M) and 
irradiated (60 min, nm) at 298 + 1 K and 760 Torr of O2. Reported values are the 
mean of three repeated experiments with + 5% of precision.
b Amount of carbonyl compounds as moles produced in 3 mL of solution.
Experiments 1, 2 and 3 show the photocatalytic activity of the decatungstate 
dissolved in CH3CN solutions of the three alcohols. Under these conditions, 
efficiency in photooxidation is similar since  the molar concentration ratio 
between aldehyde and both ketones is 1.0. Interestingly, with SiO2/W10% 
these  values  increase  to  1.8  for  2-pentanol  and  to  3.9  for  3-pentanol 
(Experiments 4-6), indicating that the silica matrix favours the reaction of 1-
pentanol with respect to secondary pentanols. We draw attention to the fact 
that this higher reactivity of 1-pentanol is unexpected if one considers the 
photooxidation mechanism summarized in Scheme 3, in which hydrogen-
atom abstraction  by  wO should  occur  preferentially  from the  secondary 
carbon atom of alcohol.
The  high  specific  surface  area  and  the  porosity  of  SiO2/W10% 
suggest  that  the  hydrophilic  character  of  the  silica  surface  can  play  an 
important  role  in  differentiating  the  reactivity  between  primary  and 
secondary pentanols during the photocatalytic experiments. For this reason, 
we decided to carry out some adsorption measurements with 1-pentanol and 
3-pentanol,  which  show  the  highest  aldehyde/ketone  ratio,  suspending 
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